The polarization sensitivity of optical resonant dipole antennas is investigated numerically using the Green's tensor technique. The electric field-intensity in the feed-gap of the antenna is calculated as function of the polarization of the incident field. A simple analytical model is proposed that matches the numerical data very well. While a very strong polarization sensitivity can be achieved for specific wavelengths, our results also indicate that there are situations where the antenna is not sensitive at all to the polarization. The role played by different plasmon resonances in the system is illustrated.
INTRODUCTION
Antennas represent probably the archetype of classical electromagnetic devices and their properties at radio frequencies have been studied in great detail [1] . Recently there has been growing interest to downscale electromagnetic antennas towards optical frequencies by using plasmon resonances. First attempts are the dipole antenna [2] , the bowtie antenna [3, 4] or simply metallic nanoparticles with all kinds of shapes [5] - [9] . Recent publications show that the strong plasmon resonances and the subsequent very high local electromagnetic fields are extremely useful to amplify emission and excitation of dipole emitters [10] . It has been shown that plasmonic nanoparticles can significantly enhance molecular emission and decrease the molecular excited state lifetime [11] - [13] . Applications in semiconductor devices for outcoupling or beaming light are also under investigation [14] - [17] .
For classical antennas, the polarization sensitivity represents a key parameter both in emission and reception modes [1] . At optical frequencies, the polarization sensitivity determines the interaction with dipolar emitters such as fluorescent molecules or quantum dots [11] . The objective of this paper is to study the polarization sensitivity of such nanoscopic antennas under farfield illumination. The results presented here are also valid when the antenna is combined with a dipolar source placed in its gap. In that case, the orientation of the dipole determines the polarization of the illumination field. The coupling mechanisms between such an emitter and the antenna are however beyond the scope of this paper.
SYSTEM AND METHOD
We consider dipole nanoantennas of two equally sized, closely spaced gold nanorods with a small gap (Figure 1) , where strong fields are created at the antenna resonance [2] . The feed-gap of the antenna thus plays a crucial role as interface to access the antenna resonance in either reception or emission mode. In this paper we shall thus concentrate on the investigation of the field inside the feed-gap. The Green's tensor method is used to investigate numerically the polarization sensitivity of the nanoantenna [18] - [20] . The modeled dipole antenna has an arm length of 100 nm, a thickness and width of 40 nm and a gap width of 30 nm. The values for the real and imaginary parts of the dielectric function of gold used for the calculations are obtained from experimental data [21] . The dipole antenna is illuminated with a plane wave at 70 • incidence from the vertical axis, as indicated by the red arrow in Figure 1 . The incident angle is chosen to fulfill the total internal reflection condition at the glass/air interface. The incident k-vector is perpendicular to the antenna's long axis. The polarization of the incident field is then turned in steps of 1 • from Θ = 0 • (polarization perpendicular to the long antenna axis) to Θ = 90 • (polarization parallel to the long antenna axis). For each polarization the relative field intensity (relative to the illumination intensity) is calculated in the middle of the feed-gap (red point in Figure 1 ).
Depending on the illumination wavelength and the incident polarization the antenna supports two different resonances along either its short axis or its long axis (see intensity maps in Figure 2 ). In the chosen observation point the long axis resonance is expected to be much stronger than the short axis resonance, since the depolarization field occurs where the electric field is normal to the metal surface [22] . The spectral positions of these two resonances are visible in Figure 2 , which shows the relative electric field intensity I(Θ, λ) in the middle of the gap as a function of the incident polarization angle Θ and the illumination wavelength λ. Note that a logarithmic scale is used for the intensity-axis of this figure. The long axis resonance can be clearly identified at about λ l = 760 nm indicated with a blue arrow. The corresponding relative field intensity map on a parallel plane 20 nm above the structure is also shown (Figure 2 ). The field enhancement between the antenna arms is different to that of the spectral plot, because of the different distance from the antenna. The short axis resonance is observed at about λ s = 520 nm for small polarization angles and is indicated with a red arrow. The corresponding field intensity map above the antenna is also shown in this figure. It indicates a much lower field enhancement. Furthermore, the field maxima are now located rather at the edges of the structure and the intensity in the gap is low. 
DISCUSSION
The field intensity in the feed-gap I(Θ, λ) for the long axis resonance λ l = 760 nm depends on the incident field component along this antenna axis. Hence, the intensity should follow a simple square sinusoidal law with respect to the polarization angle:
where I(90 • , λ) is the intensity in the field gap, obtained from the numerical data, for light polarized purely parallel to the antenna axis (Θ = 90 • ).
At λ l = 760 nm Eq. (1) describes the numerical data very well, as illustrated in Figure 3a . This figure shows the numerical (red crosses) and model results (blue line) for the relative intensity as a function of the polarization angle. Let us now investigate the validity of this simple model out of the main resonance. Figure 3b shows the relative error function:
for the intensity data I model obtained with Eq. (1) and the numerical data I numerical obtained by solving the complete scattering problem. The antenna spectrum at a polarization angle of Θ = 4 • , where the spectral positions of both resonances are clearly visible, is plotted as a black line in Figure 3b . Eq. (1) fits the numerical data very well for wavelengths longer than the long axis resonance and for large polarization angles. On the other hand, approaching the short axis resonance and small polarization angles, a large discrepancy is observed between model and numerical data. Apparently the short axis resonance plays a crucial role for the field intensity inside the gap and cannot be neglected for a complete description of the antenna polarization sensitivity at these wavelengths and polarization angles. We thus add the antenna short axis resonance to our model by simply introducing a square cosine function with the appropriate weighting I(0 • , λ) obtained from the numerical data: Figure 3c shows the resulting relative error using Eq. For the particular geometry of our antenna, the expression of Eq. (3) can be easily induced from symmetry arguments and its validity is confirmed by the numerical checks that were carried out. We want to emphasize that comparable expressions could be found for more general structures and geometries of the incident field. Once such a dependence on angle of incidence and state of polarization has been established, a strong gain in numerical efficiency is obtained.
Once the response of an antenna is known for two orthogonal polarization states, this analytical model provides its response for any required arbitrary polarization without intensive computational effort, whereas a full wave simulation for a single
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If we define the polarization sensitivity as, s(λ) = 10 log 10 I(90
the polarization sensitivity should vanish at wavelengths where both resonances produce the same intensity contribution (I(90 • , λ) = I(0 • , λ)). Note however that in this case the electric fields at these wavelengths are in general different, only their amplitudes and thus their intensities are the same. Figure 4 shows the polarization sensitivity as a function of the incident wavelength. For a better understanding the antenna resonance spectra 10 log 10 (I(90 • , λ)) and 10 log 10 (I(0 • , λ)) are plotted as dotted lines. For wavelengths around the long axis resonance the sensitivity is maximal and reaches about 40 dB, i.e. the intensity ratio perpendicular/parallel is about 1 : 10000. As predicted, around the short axis resonance there are two wavelengths where the sensitivity vanishes, and the intensity in the feed-gap remains the same for any arbitrary polarization state of the incident illumination. These two wavelengths (λ 1 = 510 nm and λ 2 = 545 nm) are marked in Figure 4 by two vertical lines. They are located at the intersections of the purely long axis and the purely short axis resonance spectra (dotted lines in Figure 4) . Depending on the excitation wavelength a dipole antenna can thus be strongly polarization sensitive or completely polarization insensitive.
To the best of our knowledge this is a unique feature of plasmonic dipole antennas which cannot be observed for classical dipole antennas working at radio frequencies. 
CONCLUSION
The polarization sensitivity of an optical resonant metallic nanoantenna has been investigated. The interplay of the two plasmon resonances of such a structure dictates the antenna response on the polarization of the incident field. In particular, using a simple analytical model, it has been shown that both the short and the long axes plasmon resonances determine the intensity in the feed-gap. For wavelengths close to the long axis plasmon resonance, the antenna is strongly polarization sensitive (about 40 dB), but as a consequence of the overlap of the two resonances there are spectral positions where the antenna is completely polarization insensitive. We believe that this study can help design more complicated structures with multiple resonances to tailor their polarization sensitivity spectrum. In that case, the modal decomposition of the structure's response provides a simple way to analyze the polarization sensitivity even for large and complex structures.
